Progress on industrial-scale propagation of conifers by somatic embryogenesis has been hampered by the differences in developmental capabilities between cell lines, which are limiting the capture of genetic gains from breeding programs. In this study, we investigated the metabolic events occurring during somatic embryo development in Norway spruce to establish a better understanding of the fundamental metabolic events required for somatic embryo development. Three embryogenic cell lines of Norway spruce (Picea abies (L.) Karst) with different developmental capabilities were studied during somatic embryo development from proliferation of proembryogenic masses to mature somatic embryos. The three different cell lines displayed normal, aberrant and blocked somatic embryo development. Metabolite profiles from four development stages in each of the cell lines were obtained using combined gas chromatography-mass spectrometry. Multivariate discriminant analyses of the metabolic data revealed significant metabolites (P ≤ 0.05) for each development stage and transition. The results suggest that endogenous auxin and sugar signaling affects initial stages of somatic embryo development. Furthermore, the results highlight the importance of a timed stress response and the presence of stimulatory metabolites during late stages of embryo development.
Introduction
Norway spruce (Picea abies (L.) Karst) is an economically significant tree species native to northern and central Europe. Traditionally, Norway spruce is propagated from seeds and vegetatively through cuttings (Svobodova et al. 1999) . Somatic embryogenesis (SE) is an in vitro developmental process during which non-zygotic plant cells form zygotic embryo-like structures that can develop into fertile plants. Owing to the resemblance to zygotic embryogenesis, SE has been used as a model system for studying biochemical and molecular events regulating plant embryogenesis (Jiménez 2001 , von Arnold et al. 2002 , Rose et al. 2010 . Somatic embryogenesis also has potential to be used for clonal propagation of tree species that are difficult to propagate vegetatively by cuttings (Robinson et al. 2009 ).
Somatic embryogenesis involves the execution of a sequence of practical events in the laboratory for stimulating the development of the somatic embryo into a plant, including initiation of embryogenic cultures, multiplication of embryogenic cultures consisting of proembryogenic masses (PEMs), maturation of the somatic embryos and germination (Pullman et al. 2003 , Helmersson et al. 2004 . In Norway spruce embryogenic cultures, PEMs proliferate in the presence of auxin and cytokinin. Withdrawal of these plant growth regulators prompts differentiation of somatic embryos from PEMs; embryos are subsequently transferred to medium supplemented with abscisic acid (ABA) to induce somatic embryo maturation (Filonova et al. 2003) .
One major obstacle for utilization of the SE process in production of Norway spruce plants is the differences between embryogenic cell lines in degrees of success in embryo development, where some embryogenic cell lines have blocked development and cannot form plants. Comparisons of blocked cell lines with cell lines displaying normal development can however be used in fundamental studies on processes regulating embryo development. Bioassays have shown that the developmental block can be caused by the lack of certain extracellular proteins in the culture medium that are present in the culture medium of cell lines displaying normal embryo development. More detailed studies of proteins in the extracellular matrix of cell lines with developmental block and normal cell lines revealed differential secretion of proteins during embryo development (Egertsdotter et al. 1993 ). Furthermore, cell lines with blocked development were shown to lack secretion of specific defense-related proteins at later stages of development (Mo et al. 1996) and to be devoid of necessary bio-active fractions of arabinogalactan proteins (AGPs) (Egertsdotter and von Arnold 1995) .
Using metabolic profiling, regulation of developmental events can be further elucidated at the metabolic level. Comparisons of the metabolic profiles of stressed and non-stressed microspores highlighted the underlying metabolic changes during the switch from gametophytic to embryogenic development in tobacco (Hosp et al. 2007) . Similarly, it was demonstrated that the relative balance, rather than actual amount, of nitrogen and carbon in pea embryos is vital for normal seed maturation (Weigelt et al. 2008 ). In conifers, the different developmental capabilities of embryogenic cell lines of Pinus taeda L. were explained by a model based on the combined data for metabolic profiles, physiological state and embryogenic capabilities of different cell lines (Robinson et al. 2009 ).
Gas chromatography coupled with mass spectrometry (GC/ MS) is one of the most used methodologies for metabolite profiling, offering high chromatographic resolution, sensitivity and mass spectral libraries for the identification of metabolites (Sumner et al. 2003 , Dettmer et al. 2007 ). Existing multivariate projection tools are commonly used to facilitate contrastive studies on different biological groups such as wild type and transgenic plants (Wiklund et al. 2008) , or treatments with abiotic and biotic stress (Broeckling et al. 2005) . In the present study, the aim was to investigate the metabolic events during Norway spruce somatic embryo development to establish a better understanding of the fundamental metabolic events required for normal somatic embryo development. The objective was to utilize GC/MS analysis to obtain metabolic profiles for three Norway spruce embryogenic cell lines displaying differences in somatic embryo development and plant formation capabilities. We were able to identify key metabolites during PEM proliferation, embryo differentiation, late embryogeny and maturation. The results suggest a role for endogenous auxin and sugar signaling during normal PEM proliferation and embryo differentiation, and highlight the importance of stress tolerance and the presence of specific stimulatory metabolites during the later stages of somatic embryo development. (Egertsdotter et al. 1993 , Mo et al. 1996 .
Materials and methods

Plant material and sampling
The embryogenic cultures were sub-cultured with a 2-week interval on solidified half-strength LP medium supplemented with 9.0 µM 2,4-dichlorophenoxyacetic acid (2,4-D) and 4.4 µM N 6 -benzyladenine (von Arnold and Eriksson 1981) . Early embryo differentiation from PEMs was stimulated by transferring the cultures to half-strength LP medium lacking plant growth regulators (PGRs) for 1 week. Promotion of late embryo development and maturation was done by transferring cultures to DKM medium supplemented with 29.0 µM ABA. The experiment with the SE cultures was performed twice. Both experimental series gave similar results with respect to embryo development, and samples from one experimental series were selected for metabolomic profiling.
Samples of embryogenic culture were collected at the time of transfer to new medium. For each cell line and developmental stage, six biological replicates were collected at time points 1, 2, 3 and 4 (Figure 1 ). The samples were denoted as 'proliferation', 'embryo differentiation', 'late embryogeny' and 'maturation' samples, respectively. The late embryogeny and maturation samples consisted of the embryos and embryogenic tissue. All samples were transferred to cryo tubes, flash frozen in liquid nitrogen and stored at −80 °C until further processing for metabolite extraction. Somatic embryo development was observed and documented before freezing using Zeiss STEMI 2000-C and Zeiss AX10 microscopes (Carl Zeiss, Göttingen, Germany).
Metabolite sample preparation
Metabolites were extracted from the samples following the methods described by Gullberg et al. (2004) [25,26,26,26,27,27,27- ]-glucose) were added to an extraction mixture consisting of chloroform : MeOH : H 2 O (6 : 2 : 2). Twenty to twenty-five milligrams each of frozen samples was transferred into 1.5 ml Eppendorf tubes; 1000 µl of extraction mixture along with a 3 mm tungsten carbide bead was added and samples were extracted using a bead mill (MM400, Retsch GmbH, Haan, Germany) set to a frequency of 30 Hz s −1 for 3 min. Sample extracts were centrifuged for 10 min at 1400 rpm.
Two hundred microliters each of the resultant supernatant was transferred to GC vials and evaporated to dryness using Quattro concentrator (Genvac Inc., New York, NY, USA) for 4 h at 25 °C. All samples were then derivatized with 30 µl of methoxyamine hydrochloride (in 15 µg µl −1 pyridine), shaken for 10 min and incubated for 16 h at room temperature. Next, samples were trimethylsilylated by adding 30 µl of N-methyltrimethylsilyltrifluoroacetamide with 1% trimethylchlorosilane and left to stand for 1 h at room temperature. After silylation, 30 µl of heptane (15 ng µl −1 methyl stearate) was added to the samples.
GC/MS analysis
Samples were analyzed according to Gullberg et al. (2004) using gas chromatography coupled to time-of-flight mass spectrometry (GC/TOFMS). A series of n-alkanes (C 10 -C 40 ) were also analyzed to allow calculation of retention indices (Schauer et al. 2005) . One microliter of each derivatized sample was injected using a split/splitless injector in splitless mode of an Agilent 7683 autosampler (Agilent, Atlanta, GA, USA) into a gas chromatograph equipped with a 10 m × 0.18 mm internal diameter fused silica capillary column with a chemically bonded 0.18 µm DB 5-MS stationary phase. The injector temperature was 270 °C, the septum purge flow rate was 20 ml min −1 and the purge was turned on after 60 s. The gas flow rate through the column was 1 ml min −1 ; the column temperature was held at 70 °C for 2 min, then increased by 40 °C min −1 to 320 °C, and held for 2 min.
The column effluent was introduced into the ion source of a Pegasus III GC/TOFMS (Leco Corporation, St Joseph, MI, USA) with 250 and 200 °C as the respective temperatures of the transfer line and ion source. Ions were generated by a 70 eV electron beam at an ionization current of 2.0 mA, and 30 spectra s −1 were recorded in the mass range 50-800 m/z.
Data acquisition and processing
All non-processed mass spectra (MS) files from metabolic analysis were exported into MATLAB 7.11.0 (R2010b) (MathWorks, Natick, MA, USA) in which all data pre-treatment procedures such as baseline correction, chromatograph alignment and hierarchical multivariate curve resolution were performed using custom scripts (Jonsson et al. 2005) . All manual integrations were performed using ChromaTOF 4.30 software (Leco Corporation) or custom scripts. Detected peaks were identified by a database search, based on MS and chromatographic retention index, using NIST MS-Search v. 2.0 (45) with the in-house MS library database established by Umeå Plant Science Center, the MS library maintained by the Max Planck Institute in Golm (http://csbdb.mpimp-golm.mpg.de/csbdb/ gmd/gmd.html) or the NIST98 MS library.
Multivariate and statistical analysis
Sample weights and t1 scores obtained from principal component analysis (PCA) of internal standard peak areas were used to normalize the data before multivariate analysis. Additionally, metabolite data were mean centered and UV scaled. In order to obtain an overview of the data, PCA models were firstly calculated from the X-matrix (i.e., metabolite data) (Wold et al. 1987) . During PCA, several latent variables (principal components) describing the largest systematic variation in the X-matrix were calculated. Thus, the impact of noise and dimensionality on the data is reduced, which simplifies interpretation. Using the resultant PCA score scatters, clusters and outliers within the samples can be identified (Madsen et al. 2010) .
In order to determine metabolites present during somatic embryo development for each cell line, the orthogonal projections to latent structures discriminant analysis (OPLS-DA) approach was used. Orthogonal projections to latent structures is a supervised multivariate regression method that can be used to model covariance among a Y-(response or class) and X-matrix (e.g., metabolites). The advantage of OPLS lies in its ability to separate variation related (Y-predictive) and unrelated (Y-orthogonal) to the X-matrix into separate components. Consequently, variation related to X (Y-predictive) is revealed by the loadings along the predictive component, which makes model interpretation simpler (Trygg and Wold 2002 , Bylesjö et al. 2006 , Wiklund et al. 2008 , Srivastava 2009 ).
Using OPLS-DA, models were computed to distinguish samples according to somatic embryo development stage. For each cell line, three models were computed using the permutations: proliferation versus embryo differentiation, embryo differentiation versus late embryogeny, and late embryogeny versus maturation. Metabolites distinguishing the samples were identified using OPLS-DA loading plots and a t-test of the respective metabolite peak areas. In all cases, models were judged for quality using the goodness of fit (R2X) and goodness of prediction parameters. All multivariate analyses (i.e., PCA and OPLS-DA) were performed using SIMCA-P + 12.0.1 (Umetrics AB, Umeå, Sweden).
Results
Development of Norway spruce somatic embryos
In the presence of PGRs, all three embryogenic cell lines proliferated and continued to form PEMs ( 
Metabolite profiling
The metabolite profiles of the three embryogenic cell lines were compiled using GC/MS analysis. Analysis of 72 culture samples yielded a collection of 52 compounds (Table 1) . Of these, metabolite identities could be assigned to 44, leaving eight as unknown compounds.
Multivariate analysis Cell line 09:73:06
In order to obtain an overview of the data during somatic embryo development, PCA was performed on the metabolite data sets focusing on the 24 samples for the four developmental stages of cell line 09:73:06. A PCA model with four principal components explaining 76% of the total variation was initially computed. A score plot for the first two components (explaining 54% of the total variation) was used for overview of the data. From the score plot (Figure S1a available as Supplementary Data at Tree Physiology Online), an incomplete cluster was observed involving proliferation and embryo differentiation samples. Also, samples for the last two stages were separated from the main cluster and distributed from each other. Next, OPLS-DA was used to discriminate the four developmental stages. Three OPLS-DA models were computed with the permutations: proliferation versus embryo differentiation, embryo differentiation versus late embryogeny, and late embryogeny versus maturation. From the OPLS-DA score plots ( Figure S1b , c, d available as Supplementary Data at Tree Physiology Online), samples separated according to developmental stage, and metabolites causing the differences between the stages could be identified from the loading plots. Metabolites distinguishing the sample classes are presented in Table 2 .
Sucrose was the only metabolite detected in proliferation samples of 09:73:06. For embryo differentiation (Table 2) , amino acids including lysine, proline, serine, tryptophan and phenylalanine were detected in different amounts relative to each other (Figure 3 ). At late embryogeny (Table 2) , amino acids or their derivatives associated with various biosynthetic pathways were detected. Ornithine and arginine are precursors for polyamine biosynthesis, which occurs via the ornithine 236 Businge et al. decarboxylase and arginine decarboxylase enzyme-dependent pathways, respectively (Minocha et al. 2004 ). Asparagine and arginine are key components of nitrogen metabolism in conifers, which occurs by means of recurrent interconversion of both amino acids (Canovas et al. 2007) . Sugars detected included a pentose phosphate (fructose-6-phosphate), primary cell wall constituent (xylose), carbon source (maltose) and its isomer (isomaltose). During late embryogeny, maltose was relatively high compared with other sugars (Figure 3) . Metabolites involved in lignification (shikimic acid), tricarboxylic acid (TCA) cycle (citric and fumaric acids) (Robinson et al. 2007 ) and stress tolerance (pinitol) (Vernon and Bohnert 1992, Robinson et al. 2007) were also detected during late embryogeny. At maturation, a sugar alcohol (inositol) accumulated the most, though some unknown compounds were also detected in low quantities at this stage (Figure 3) .
Cell line 06:28:05
Samples were analyzed using the same approach applied to cell line 09:73:06. Principal component analysis was performed on the metabolite data sets focusing on samples for the four developmental stages of cell line 06:28:05. A PCA model with five principal components explaining 88% of the total variation was initially computed. The first two components explaining 63% of the total variation were used to generate a score plot for data overview. In the plot ( Figure S2a available as Supplementary Data at Tree Physiology Online), clustering was observed among proliferation, embryo differentiation and late embryogeny samples. Moreover, incomplete sample clustering and an outlier were observed at maturation. Next, the three aforementioned OPLS-DA model permutations were used to discriminate the developmental stages. The resultant OPLS-DA score plots showed that the samples separated according to developmental stage ( Figure S2b , c, d available as Supplementary Data at Tree Physiology Online). Hence, metabolites causing the differences between the sample classes were identified from the loading plots and are presented in Table 3 .
Tryptophan, a key precursor for auxin (indole-3-acetic acid, IAA) biosynthesis through the tryptophan-dependent pathway (Sitbon et al. 2000) , and a sugar alcohol (sorbitol) were detected in proliferation samples. In differentiated embryo samples, several amino acids were detected (Table  3) . Two carbohydrates, an intermediate of the pentose phosphate pathway (fructose-6-phosphate) and fructose, were detected in the samples at this stage of development, with the latter being the abundant metabolite (Figure 4) . Other metabolites included an intermediate of the TCA cycle (fumaric acid), a participant in ascorbate and aldarate metabolism (threonic acid) (Robinson et al. 2007 ) and a carbon source for the pentose phosphate pathway (glycerol) (Aubert et al. 1994) .
At late embryogeny, metabolites associated with lignification (quinic acid), polyamine catabolism (4-aminobutyric acid), sugar metabolism (xylose, maltose and isomaltose) and secondary metabolism (catechin) were detected (Table 3) . Sucrose, one of the plant temporary storage compounds (Lipavská and Konrádová 2004) , accumulated the most at maturation followed by proline and glutamic acid. Also accumulating but in low quantities were a fatty acid (octadecadienoic Metabolite profiling of Norway spruce (Picea abies) 237 Tables 2-4. acid), a sugar alcohol (sorbitol) and flavonoid (catechin) (Figure 4 ).
Cell line 06:22:02
Since no embryos were formed in this cell line, tissue samples collected after 8 weeks on ABA medium (maturation) were excluded from further analysis. Principal component analysis of the remaining 18 samples yielded a model with four principal components accounting for 83% of the total variation. A score plot for the first two components (explaining 49% of the overall variation) was generated. In the plot, proliferation and embryo differentiation samples were intertwined in a single cluster ( Figure S3a available as Supplementary Data at Tree Physiology Online). Late embryogeny samples were separated from the main cluster but incompletely clustered. Two OPLS-DA model permutations, i.e., proliferation versus embryo differentiation and embryo differentiation versus late embryogeny, were used to distinguish the developmental stages. In the OPLS-DA score plots ( Figure S3b , c available as Supplementary Data at Tree Physiology Online), samples separated according to developmental stage. The metabolites causing the differences between sample classes were identified from the loading plots and are presented in Table 4 . A TCA cycle intermediate (fumaric acid) and a maltose isomer (isomaltose) were detected in proliferation samples (Table 4) . At embryo differentiation, lysine and 4-aminobutyric acid were present along with a pentose phosphate (glucose-6-phosphate) and elevated levels of fructose ( Figure 5 ).
238 Businge et al. Still at embryo differentiation, fumaric, threonic and glyceric acids were detected. The amino acids (glutamine, ornithine and pyroglutamic acid), isomaltose, sorbitol and a trio of unknown compounds were observed during late embryogeny (Table 4) .
Discussion
In the present study, we followed the metabolic events during somatic embryo development from PEMs to early somatic embryos and mature embryos, in three Norway spruce cell
Metabolite profiling of Norway spruce (Picea abies) 239 2-3 Indicates metabolites significant for embryo differentiation and transition to late embryogeny 2-3 *Indicates metabolites significant for transition to late embryogeny 3-4 Indicates metabolites significant for late embryogeny and transition to maturation 3-4 *Indicates metabolites significant for transition to maturation lines displaying different developmental capabilities. Manual time lapse photography following embryo development from PEMs to maturation in the three different cell lines showed that cell line 09:73:06 exhibited normal development progressing through PEM proliferation, early embryos with a polar structure to fully mature somatic embryos with a normal set of cotyledons ( Figure 2e, f and d) , similar to what has previously been reported for normal somatic embryo development in Norway spruce (Larsson et al. 2008) . Cell line 06:28:05 displayed an almost identical pattern of development but produced aberrant mature embryos (Figure 2m , n and l). In contrast, cell line 06:22:02 exhibited blocked development forming no differentiated somatic embryos (Figure 2v ). For each of the different cell lines, we were able to compile a metabolic profile using GC/MS-based metabolomics data as discussed in detail below. Sorbitol, isomaltose and sucrose were detected in samples of proliferating PEMs of cell lines 06:28:05, 06:22:02 and 09:73:06, respectively. In cell line 09:73:06 displaying normal embryo development, the measured presence of sucrose during proliferation was significant. The presence of endogenous sucrose during proliferation has previously been positively linked with the capability of cultures to develop normal mature embryos in P. taeda embryogenic cell lines (Robinson et al. 2009 ). Furthermore, a relatively high presence of maltose was detected in cell line 09:73:06 during late embryogeny. In both zygotic and somatic embryos of Norway spruce, there was a measured decrease in total carbohydrate content and a relative increase in the presence of sucrose over hexoses as the embryos developed from early embryos to cotyledonary stage embryos (Gosslová et al. 2001) . The carbohydrate content and composition during Norway spruce seed development (Gosslová et al. 2001 ) and somatic embryo development (Lipavská et al. 2000) were found to be similar except for pinitol, which was not detected in any 240 Businge et al. stage of somatic embryo development. In the present study, pinitol was however detected at late embryogeny of the cell line (09:73:06) displaying normal development, but not in the cell lines forming aberrant embryos and with blocked embryo development. It is well established that exogenous carbohydrates are essential for the induction, proliferation and maturation phases of somatic embryogenesis during which they act as signaling molecules, osmoticum and sources of carbon and energy (Lipavská and Konrádová 2004 ). An assessment of the effects of different carbohydrates on maturation of Picea mariana (Mill.) BSP and Picea rubens Sarg. somatic embryos showed that fructose, maltose, sucrose, cellobiose and glucose supported embryo maturation while sorbitol, mannitol, myo-inositol and arabinose did not (Tremblay and Tremblay 1991) . Generally, sucrose is the most used carbohydrate in culture media for the proliferation and maturation of somatic embryos in conifers (Schuller and Reuther 1993) . Addition of maltose to the maturation medium was however shown to promote the formation of a high number of mature embryos in P. rubens (Tremblay and Tremblay 1991) . Similarly, maltose also promoted SE maturation in Abies nordmanniana and P. taeda (Norgaard, 1997) . The stimulatory effect of maltose has been linked to nutrient stress in the form of low hexose levels caused by slow maltose hydrolysis resulting in restricted cellular carbon nutrition (Lipavská and Konrádová 2004) . In Norway spruce, we have not been able to detect a significant effect from exogenous maltose on maturation (U. Egertsdotter, unpublished results) despite the detection of relatively high levels of maltose during late embryogeny in the present study.
Auxin plays a fundamental role in regulating somatic embryogenesis (Cooke et al. 1993) . The mode of auxin action and regulation involves the establishment of an auxin gradient during the early phases of embryogenesis, which is vital for creating bilateral symmetry in somatic and zygotic embryos (Schiavone and Cooke 1987) . Auxin is also essential for embryo differentiation, balancing bilateral symmetry in cotyledons (Kong et al. 1997) , and elevated levels might be required during establishment of the auxin gradient (Michalczuk et al. 1992) . Moreover, biosynthesis of tryptophan is also important during embryo differentiation (Astarita et al. 2003) . Biosynthesis of auxin from tryptophan occurs through multiple routes. In one of the routes, tryptophan is converted to indole-3-pyruvic acid, which is then converted to indole-3-acetaldehyde from which IAA is synthesized (Sitbon et al. 2000) . Indole-3-acetic acid can also be synthesized by initially converting tryptophan to indole-3-acetaldoxime, which is then converted to indole-3-acetonitrile and IAA is derived from the latter (Sitbon et al. 2000) . From our results, we hypothesize that the presence of tryptophan during proliferation and embryo differentiation of 06:28:05 and 09:73:06 respectively is indicative of the essential role auxin has during normal somatic embryo development at these stages (Tables 3 and  2 ). Endogenous IAA levels have been shown to be relatively higher during proliferation of Norway spruce somatic embryos and to decrease during embryo maturation (Hakman et al. 2009 ). In embryogenic cultures of Abies alba, high levels of endogenous IAA induced by exogenous 2,4-D in the proliferation medium resulted in increased frequency of maturation (Vondráková et al. 2011) .
Metabolite profiling of Norway spruce (Picea abies) 241 Cell lines 06:28:05 and 06:22:02, which formed aberrant and no embryos respectively, had vast amounts of fructose during embryo differentiation (Figures 4 and 5) . In plants, endogenous fructose and glucose can be derived from the hydrolysis of sucrose, which occurs in reactions catalyzed by the enzymes β-fructofuranosidase (EC 3.2.1.26) or sucrose synthase (EC 2.4.1.13) (Sturm 1999) . Exogenously, fructose can also be produced when sucrose in the growth medium is partially hydrolyzed during autoclaving (Ball 1953) . With the exception of glucose, not much is known about the role and regulatory function of the other hexoses during animal and plant development (Cho and Yoo 2011) . However, several studies have previously reported the detrimental effects of elevated fructose levels during the development of plants and animals. In rats, high fructose diets have been implicated in interrupting cell signaling and causing metabolic disorders such as insulin resistance (Basciano et al. 2005) . Furthermore, Latuca sativa seedlings grown on the fructose analog (psicose) exhibited repressed root growth, and the repression increased with increasing concentrations of psicose (Kato-Naguchi et al. 2005) . Similarly, Arabidopsis thaliana seedlings grown on medium with a high fructose concentration showed premature developmental arrest in the form of repressed cotyledon expansion, accumulation of chlorophyll, and inhibited growth of roots and hypocotyls (Cho and Yoo 2011) . From our results in cell lines 06:28:05 and 06:22:02, we could speculate that relatively high levels of endogenous fructose prior to maturation are associated with subsequent aberrant embryo development.
A combination of ABA and water stress is used to stimulate late embryo development and maturation of somatic embryos in Norway spruce (Bozhkov and von Arnold 1998) . Water stress can be induced by exogenous plasmolysing osmoticum such as sucrose or non-plasmolysing osmoticum such as polyethylene glycol (PEG) (Lipavská and Konrádová 2004) . The combination of water stress and ABA prevents precocious germination which permits embryo development to continue (Kermode 1990) . A recent microarray study of Norway spruce revealed that several stress response genes are upregulated during transition from embryo differentiation to late embryogeny during normal embryo development (Vestman et al. 2011 ). Response to stress was detected in late embryogeny samples of the cell line (09:73:06) displaying normal development, by the presence of the sugar alcohol (pinitol) previously associated with stress tolerance in Pseudotsuga menziesii (Robinson et al. 2007 ). Existing evidence suggests that sugar alcohols accumulate during periods of osmotic stress and act as endogenous osmolytes which balance external osmotic pressure (Vernon and Bohnert 1992) . Sucrose, glucose, fructose and D-pinitol were also identified as the major sugars contributing to the osmotic environment during early and late seed development in P. taeda (Pullman and Buchanan 2008) .
Another metabolite involved in stress response is 4-aminobutyric acid (GABA), an amino acid derivative consisting of four carbons and a product of polyamine catabolism (Shelp et al. 1999 , Dowlatabadi et al. 2009 ). It has previously been reported that GABA accumulates in tomato suspension cells as they acclimatize to osmotic stress (Handa et al. 1983) . GABA has also been reported to play a significant role during the maturation of somatic embryos in Picea glauca (Moench) Voss. (Dowlatabadi et al. 2009 ). In the present study, more 4-aminobutyric acid was detected in cell line 09:73:06 than in 06:28:05 during late embryogeny, suggesting that aberrant formation of mature embryos is associated with low tolerance to osmotic stress. The presence of stress-related metabolites during late embryogeny of cell line 09:73:06 is consistent with the findings from studies in Pinus taeda L. showing an association between the capability of cell lines to form mature embryos and their response to stress conditions during maturation (Robinson et al. 2009 ). Furthermore, proteome analysis in P. glauca revealed a differential expression of stress response proteins during the maturation of somatic embryos (Lipert et al. 2005) .
Maturation of somatic embryos is accompanied by the deposition of storage reserves such as starch, lipids and proteins that are utilized during germination of the mature somatic embryos (Lipavská and Konrádová 2004) . During maturation of cell line 06:28:05, we detected relatively high levels of sucrose and proline, a storage compound during water stress (Verslues and Sharp 1999) . Despite the presence of a big pool of amino acids, carbohydrates and additional metabolites during late embryogeny, cell line 09:73:06 accumulated only inositol and a couple of unknown compounds during maturation as detected by the analyses. However, exogenous inositol affecting the osmotic environment of the developing embryo has been shown to support synchronized embryo development and prevent precocious embryo germination, possibly by the osmotic effects from inositol (Clapham and Egertsdotter 2011) .
Our results from analyses of metabolic profiles during embryo development in cell lines of different embryo forming capability in Norway spruce suggest specific metabolites that appear to be associated with either normal embryo development or aberrant embryo development. The importance of specific carbohydrates during the different steps of somatic embryo development is further emphasized by our results. Early stages of embryos at stages of PEM formation and embryo differentiation appear to benefit from endogenous sucrose for subsequent normal late embryo formation to take place. On the contrary, aberrant late embryo formation was associated with high levels of endogenous fructose during embryo differentiation. Plant growth regulators are known regulators of embryo development. We speculate that the presence of auxin is essential at the proliferation and embryo differentiation stages for further development of the embryos into maturation phase, as indicated by the presence of tryptophan only in the two cell lines that formed mature somatic embryos. The importance of osmotic stress tolerance during maturation and late embryo development was indicated by the presence of GABA that could only be detected at embryo differentiation in the aberrant cell line and at a higher level in the normal cell line than in the aberrant cell line at late embryogeny. Further evidence suggesting the importance of osmotic stress during normal embryo development is the presence of sugar alcohols during normal embryo development at late embryogeny (pinitol) and maturity (inositol). The current study suggests distinct metabolite profiles during different developmental stages of somatic embryo development in Norway spruce. Future experiments will focus on characterizing the suggested pathways by in-depth targeted analysis and further untargeted metabolite analysis using other methods such as combined liquid chromatography-mass spectrometry.
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